Phosphorus (P) recycling or reuse by pyrolyzing crop residue has recently elicited increased research interest. However, the effects of feedstock and pyrolysis conditions on P species have not been fully understood. Such knowledge is important in identifying the agronomic and environmental uses of biochar. Residues of three main Chinese agricultural crops and the biochars (produced at 300°C-600°C) derived from these crops were used to determine P transformations during pyrolysis. Hedley sequential fractionation and 31 P NMR analyses were used in the investigation. Our results showed that P transformation in biochar was significantly affected by pyrolysis temperature regardless of feedstock (Wheat straw, maize straw and peanut husk). Pyrolysis treatment transformed water soluble P into a labile (NaHCO 3 -P i ) or semi-labile pool (NaOH-P i ) and into a stable pool (Dil. HCl P and residual-P). At the same time, organic P was transformed into inorganic P fractions which was identified by the rapid decomposition of organic P detected with solution 31 P NMR. The P transformation during pyrolysis process suggested more stable P was formed at a higher pyrolysis temperature. This result was also evidenced by the presence of less soluble or stable P species, such as such as poly-P, crandallite (CaAl 3 
H I G H L I G H T S
• A modle of phosphorus transformation during pyrolysis treatment was confirmed.
• The stable mineral phosphorus was identified in biochar with solid state 31 P NMR.
• Pyrophosphate accounted for significant proportions of phosphorus in biochar.
• Relatively lower pyrolysis temperature seem to retain P availability in biochar. Phosphorus (P) recycling or reuse by pyrolyzing crop residue has recently elicited increased research interest. However, the effects of feedstock and pyrolysis conditions on P species have not been fully understood. Such knowledge is important in identifying the agronomic and environmental uses of biochar. Residues of three main Chinese agricultural crops and the biochars (produced at 300°C-600°C) derived from these crops were used to determine P transformations during pyrolysis. Hedley sequential fractionation and 31 P NMR analyses were used in the investigation. Our results showed that P transformation in biochar was significantly affected by pyrolysis temperature regardless of feedstock (Wheat straw, maize straw and peanut husk). Pyrolysis treatment transformed water soluble P into a labile (NaHCO 3 -P i ) or semi-labile pool (NaOH-P i ) and into a stable pool (Dil. HCl P and residual-P). At the same time, organic P was transformed into inorganic P fractions which was identified by the rapid decomposition of organic P detected with solution 31 P NMR. The P transformation during pyrolysis process suggested more stable P was formed at a higher pyrolysis temperature. This result was also evidenced by the presence of less soluble or stable P species, such as such as poly-P, crandallite (CaAl 3 (OH) 5 (PO 4 ) 2 ) and Wavellite (Al 3 (OH) 3 (PO 4 ) 2 ·5H 2 O), as detected by solid-state 31 P NMR in biochars formed at a higher pyrolysis temperature. Furthermore, a significant proportion of less soluble pyrophosphate was identified by solution (2%-35%) and solid-state (8%-53%) 31 P NMR, which was also responsible for the stable 
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Introduction
There are increasing evidences suggested that biochar application increased soil phosphorus (P) availability and therefore crop productivity especially for low fertility soils (Chan and Xu, 2009; Novak et al., 2009; Xu et al., 2013; Olmo et al., 2016) . Before incorporation into soils, the greater knowledge of the composition and bioavailability of P in biochar is needed for fully understanding the dynamics of P in soils. Total P content in biochar generally increases with increasing pyrolysis temperature whereas the bioavailable P greatly decreased with rising temperature (Cantrell et al., 2012; Wang et al., 2011; Iqbal et al., 2015) . Christel et al. (2014) used diffusive gradients in thin films technique to determine P availability in the solid fraction of pig slurry biochar. They showed that P availability greatly decreases with increasing temperature, and no P was available after pyrolysis at temperatures above 700°C. The reduced availability of P in biochar was probably due to the formation of stable aromatic or crystalline insoluble compounds during the thermal process (Cantrell et al., 2012; Thygesen et al., 2011) . However, it is difficult to explain the decreased P availability with increasing pyrolysis temperature because very little is known about how pyrolysis temperature or feedstock affects the migration or transformation chemical speciation of P during thermal treatment (Uchimiya and Hiradate, 2014; Wang et al., 2015) .
The Hedley chemical sequential scheme gained P species mainly based on P reactivity or availability for plants (Cross and Schlesinger, 1995; Negassa and Leinweber, 2009 ). This sequential procedure provided a very simple and rapid analysis of P fractions in environmental samples (Hedley et al., 1982) . However, this method only gave a rough estimation of relative concentrations and discrete groups of P forms in samples. To determine the chemical nature of P compounds, nuclear magnetic resonance spectroscopy (NMR) is an efficient way to study P compounds in environmental sample (Cade-Menun, 2005) . NMR is divided into solution and solid state methods: solution NMR is especially useful in characterizing organic P, whereas solid state NMR is more powerful in identifying inorganic P species (Cade-Menun, 2005) . Qian and Jiang (2014) recently found that rapid decomposition of organic P occurs during thermal treatment by using solution 31 P NMR. This finding was based on the complete conversion of organic P to inorganic P during pyrolysis of manure and plant wastes at 350°C. However, the P extraction efficiency with mixture of NaOH/EDTA showed b 50% of P was extracted especially for high pyrolysis temperature biochar (8% at 800°C) (Uchimiya and Hiradate, 2014) .
Chemical sequential fractionation, coupled with solution and solidstate NMRs, was more powerful to identify and quantify individual P species in biochar, and to monitor P transformation during thermal treatment. Because converting crop residues into biochar through pyrolysis is an effective way to recycle or reuse P, it is important to know the P pools and bioavailability in biochar during pyrolysis process before effective biochar production measures can be applied. In this study, we aimed to (1) model P transformation of three main Chinese agricultural crops during pyrolysis (300°C-600°C) process, (2) understand the bioavilability and chemical nature of P speciation determined by Hedley chemical fractionation and solution and solid-state 31 P NMR spectroscopic analysis.
Materials and methods
Biochar production
Wheat straw, maize straw, and peanut husk (referred as WS, MS, and PH, respectively) were used in biochar production in the present study. Fresh straw samples were collected from cropland in Yantai of Shandong province. Straw samples were thoroughly washed, air-dried at room temperature, and milled to a particle size of b5 mm. Each straw sample was placed in a stainless steel chamber and pyrolyzed at 300, 400, 500, and 600°C for 4 h under oxygen-limited conditions in a muffle furnace (Zheng et al., 2013) . After pyrolysis, the biochar sample was cooled down under oxygen-limited conditions and ground to a particle size of b1 mm for use in subsequent analyses.
Chemical analysis
Total P (P t ) content in biochar was measured by treating the samples at 500°C for 2 h, followed by 1 M HCl extraction for 16 h. Inorganic P (P i ) was analyzed by direct HCl extraction. Organic P (P o ) is the difference between P t and P i . A modified sequential Hedley fractionation was used to extract P in biochars (Hedley et al., 1982; Tiessen and Moir, 1993) . The fractionation was done in four replicates for each treatment. Generally, 0.2 g biochars were extracted step by step using deionized water (≤ 18.2 MΩ), 0.5 mol L − 1 NaHCO 3 , 0.1 mol L − 1 NaOH, and 1 mol L −1 HCl. Shaking was conducted for 16 h for each addition. The NaHCO 3 and NaOH extracts were divided into two aliquots to measure the total P and inorganic P. The P amount, determined before digestion with potassium persulfate, is only inorganic P. And in another aliquot, the oxidation by potassium persulfate liberates the organic P and so the determined P is total P. Organic P is the difference between total and inorganic P (Cross and Schlesinger, 1995) . P concentration was measured with Tu-1810 Spectrophotometer (PERSEE, Beijing, China) by using the ascorbic acid molybdenum blue method (Murphy and Riley, 1962 ). P t , P i , and P o recovery in biochar was calculated as follows:
where P biochar is the content of P t , P i , and P o in biochar; P feedstock is the content of P t , P i , and P o in their respective feedstocks; and λ represent the yield of the biochar. The proportion of P (f) pools in the biochar was calculated as follows:
where P x is the specific species of sequential P pools extracted using Hedley method, and P t is the total P content in the biochar.
Solution
P NMR
For 31 P NMR analysis, biochar samples were extracted using 1:40
(weight/volume) of mixture of 0.25 M NaOH and 0.05 M EDTA for 24 h at room temperature. To reduce interference of paramagnetic ions (Fe and Mn) in 31 P NMR measurements, 5% (v/v) bicarbonate-buffered dithionite (BD) solution (0.11 M NaHCO 3 + 0.11 M Na 2 S 2 O 4 ) was added to the concentrated extracts (Zheng et al., 2013) . The BD solution can reduce Fe and Mn to states more ready to release adsorbed P compounds (Ahlgren et al., 2007) . The extracts were then freeze-dried and re-dissolved in 0.5 mL of D 2 O and 0.2 mL of M NaOH. The 31 P NMR spectra were obtained using AVANCE IIITM 500 MHz spectrometer (Bruker). Pulse angle of 90°and relaxation delay of 50 s were used. Chemical shifts were referenced to external 85% H 3 PO 4 standard (δ = 0 ppm). Peaks were assigned based on data reported in literature (Cade-Menun et al., 2005) . Peak area was calculated by integration. Total P in NaOH-EDTA extracted solution was analyzed using molybdenum blue method before and after digestion by K 2 S 2 O 8 .
The content of individual P species was calculated as (3): a Fractions means the proportion of P t and P o extracted by mixture of EDTA-NaOH to P t and P o . where X i is the amount of individual P species detected in solution 31 P NMR; A i and A t indicate the specific peak area and the total area of the full spectrum in 31 P NMR, respectively; and TP NaOH-EDTA represents the total P content in biochar extracted with NaOH-EDTA.
Solid state
P NMR
Solid-state cross-polarization with magic angle spinning (CP-MAS) 31 P NMR spectra were obtained using a Bruker (Rheinstetten, Germany) MSL 400 (162 MHz) spectrometers, spin rates of 10 kHz, and spectral widths as wide as 400 ppm (200 ppm to −200 ppm). We collected as many as 50,000 scans, and collection duration was 48 h. Chemical shifts (δppm) were determined relative to external 85% H 3 PO 4 (Cade-Menun et al., 2005) . As reported, the peaks of the solid-state spectrum are broad, each of which overlap with the chemical shifts of several P nuclei (Dougherty et al., 2005) . Thus, spectral deconvolution was conducted using NMR processing tools (ACDLABs 12.0) to identify the peaks and peak intensities. Chemical shifts were compared with those reported in literature to identify the P species and compounds (Cade-Menun et al., 2005) . We assumed that peaks in NMR represented all P species in biochar, and we calculated the proportion and the content of those identified by NMR (Hunger et al., 2004; McDowell et al., 2002) . Peak area was calculated by integration.
The content of individual P species was calculated as follows:
where Y i is the amount of individual P species detected by solid-state 31 P NMR; A i and A t indicate the specific and total peak area in 31 P NMR, respectively; and P t represents the total P content in biochar.
Statistical analysis
One-way ANOVA was performed using SPSS computer package (SPSS Inc. 1999, Chicago, USA) to evaluate statistical differences in P t , P i , P o , P fractions between different treatments through LSD test. Differences between means were considered statistically significant at P b 0.05.
Results and discussion
3.1. P t , Pi, Po, and P recoveries in biochar during thermal treatment Table 1 shows that pyrolysis increased P t content by one to two factors compared with that of the feedstock. All biochars showed significantly increased P t content with increasing pyrolysis temperature where P t elevated from 1117 mg kg −1 in WS25 to 3003 mg kg − 1 in WS600, 1304 mg kg −1 in MS25 to 4801 mg ⋅ kg − 1 in MS600, and 566 mg⋅kg −1 in PH25 to 1580 mg⋅kg −1 in PH500. P t recovery revealed that most of the P was retained in the biochar because the recovery rates as follows: 73.3%-82.8% in WS biochar, 95.6%-109.7% in MS biochar, and 90.6%-115.2% in PH biochar. The relatively high P recovery rate suggested that the P contained in bio-oil or gas was significantly lower than that in biochar. Results are consistent with that of the previous studies where nearly all P forms were recovered from the biochar (Bridle and Pritchard, 2004; Zheng et al., 2013) . As pyrolysis progresses, part of oxygen and hydrogen in the feedstock are lost, as well as nitrogen and sulphur, thereby concentrating the remaining P in the biochar (Cantrell et al., 2012; Wang et al., 2012) . These findings indicated that P can be reused or recycled via pyrolysis of organic wastes. P i and P o concentrations in biochar generally increased with increasing pyrolysis temperature. The fraction of P o constituted about half Table 3 The content (mg kg WC25 WC300 WC400 WC500 WC600 MC25 MC300 MC400 MC500 MC600 PH25 PH300 PH400 PH500 PH600 (17.8%-69.1%) of the P t content. The P o /P t in biochar increased with raising temperature from 17.8% in WS400 to 60.3% in WS600 and 30.7% in MS400 to 69.1% in MS600, respectively.
Transformation of P speciation during pyrolysis
Chemical sequential fractionation
The proportion of H 2 O-P to P t [f (H2O-P) ] significantly decreased at 300°C and then remain constant at higher temperatures (Fig. 1) . The f (H2O-P) values were 25.1%, 43.8%, and 49.2% for MS25, WS25, and PH25, respectively. These values were significantly reduced compared with 6.4% in MS600, 5.3% in WS600, and 10.9% in PH600. These results are parallel with those obtained from a previous study where pyrolysis at 450°C significantly reduced the water soluble P fraction of N 60% in sewage sludge to b20% in its biochar (Bridle and Pritchard, 2004) . Cantrell et al. (2012) also reported that the significantly reduced water soluble P in manure biochar is a function of pyrolysis temperature. No water soluble P is present in biochar pyrolyzed at temperatures above 700°C (Christel et al., 2013) . Water-soluble Pi typically accounts for 40% to 60% (average 50%) of the P t content in mature crop residues and from 60% to 80% (average 70%) of P t content in green crop residues (Damon et al., 2014) . In environmental studies, water-soluble P is a good indicator of the short-term P loss potential in biosolids (e.g., manure and sewage sludge), which leads to eutrophication in aquatic ecosystem (Sharpley and Moyer, 2000; Li et al., 2016) . Consequently, improper application of crop residue to an agricultural field will lead to P leaching. Thermal treatment of organic material significantly reduces water soluble P which implied reduced risk of P loss potential.
The amounts of labile inorganic P (NaHCO 3 -P i ) and moderately labile inorganic P (NaOH-P i ), which are likely the forms available to plants (Negassa and Leinweber, 2009 ), were initially increased at 300°C-400°C and then decreased with rising temperature (Fig. 1) . However, P fractions of the biochars were higher than that in their feedstock, which suggested that charring organic waste increases the amount of P available to the plant.
Organic P (NaHCO 3 -P o and NaOH-P o ) concentration generally declined with increasing temperature in all biochars. For example, f NaOHPo significantly decreased from 20% to 7.8%, from 29.2% to 5.8%, and from 11.5% to 1.6%, in WS, MS, and PH, respectively, after the raw material was heated at 600°C. Pyrolysis transformed organic P (NaHCO 3 -P o and NaOH-P o ) into inorganic P or into other forms of stable organic P.
Dilute HCl-extractable P (HCl-P), an inorganic P associated with Ca, increased till 400°C and then decreases with increasing temperature. Notably, D. HCl-P was significantly increased in the char fraction than in the feedstock.
The sum of sequential fractions of the P t was 60.5%-121.4% for WS, 42.2%-123.7% for MS, and 37.1%-80.7% for PH (Table 2 ; Fig. 1 ). The sequential P recovery significantly decreased with increasing temperature, thereby indicating that less available or more stable P forms at high temperatures. These findings, as supported by the solid-state NMR results, confirmed that soluble P in low-temperature biochars was converted to less soluble or stable P forms at higher temperatures biochar, such as poly-P, crandallite (CaAl 3 (OH) 5 (PO 4 ) 2 ) and Wavellite (Al 3 (OH) 3 (PO 4 ) 2 ·5H 2 O) detected by solid-state 31 P NMR (Table 3) . Our results clearly demonstrated a model of P transformation during pyrolysis process, where pyrolysis treatment significantly increased NaCHO 3 -P i , NaOH-P i , and HCl-P fractions at the expense of reduced proportion of H 2 O-P, NaHCO 3 -P o , and NaOH-P o . The similar model was reported by Qian and Jiang (2014) in previous studies. Their data indicated that P migrates mainly to the medium-term plant available P pool when treating sewage sludge at medium temperatures (in the range 400-600°C), whereas P was prone to migration to the longterm plant available P pool when treated at a high temperatures (in the range 600-800°C). Table 4 shows that NaOH-EDTA extracted P ranged from 365 mg • kg −1 to 1993 mg kg
Solution
P NMR
, with a P t recovery rate ranging from 19.1% to 69.8%. The P o recovered by NaOH-EDTA ranged from 151 to 558 mg kg −1 and accounted for 10.3%-113.6% of P o (Table 1) . Extraction efficiency decreased with increasing pyrolysis temperature. Both P t and P o were not fully recovered via P extraction using NaOH-EDTA. The relatively lower P extractability was probably caused by the alkalinity of the biochar. P is very tightly bound under high-pH conditions, and extraction recovery rates are often lower than under acidic conditions (Cade-Menun et al., 2005; He et al., 2007) . Three P compounds, including ortho-P (5.5-6.5 ppm), pyro-P (−5.0 ppm to −2.5 ppm), and monoester-P (4-5 ppm), were detected in the NMR spectra in Fig. 2 . ortho-P and pyro-P were the two largest constituents of the P pool. These P compounds nearly constituted the total amount of extracted P, especially the P from the biochar. Pyrolysis treatment generally increased the amount and proportion of ortho-P in all biochars, whereas pyro-P initially increased and then decreased. Ortho-monoester constituted half of the P t in WS25, which was considerably reduced to 19% and 4% in MS25 and PH25, respectively. Rapid reduction of ortho-monoester during thermal treatment suggested that organic P in feedstock was easily decomposed even at low temperature (N 200°C) and was readily transformed into inorganic P (ortho-P and pyro-P) during the thermal process. Similar observations were also reported in a previous study, which indicate rapid decomposition of organic P during the pyrolysis process (Qian and Jiang, 2014) .
There exists an apparent contradiction between the rapid disappearing peaks of organic P detected by 31 P NMR and the increasing P o or chemical sequential organic P with rising pyrolysis temperature. This discrepancy may be explained in part by the relatively lower P extraction efficiency of NaOH/EDTA for solution 31 P NMR. In the present study, approximately half of P t or P o of biochars was extracted in NaOH/EDTA. In addition, P extraction efficiency significantly decreased with increasing temperature. Uchimiya and Hiradate (2014) also reported that P extraction efficiency (NaOH/EDTA) significantly decreased from 70% at 350°C to 8% at 800°C. Another possible explanation is the presence of pyro-P in solution or solid-state 31 P NMR. As discussed in the Materials and Methods section, Po was calculated by the difference between the P t treated at 500°C (followed by 1 M HCl extraction) and P i analyzed by direct HCl extraction. Presumably, transformation of pyro-P to ortho-P would not have occurred during the direct 1 M HCl extraction because of short extracting time (16 h) (McBeath et al., 2007) . Thus, some pyro-P species are also included in the content of Po in chemical study. In an extraction study, the difference between P t and Pi is attributed to the poly-P in biochar (Qian et al., 2013) . These results suggested that poly-P in biochar may affected the amounts of P, as well as the degree of incomplete extraction. Fig. 3 ) and appeared at around 0 ppm. We assumed that the peak at around 0 ppm corresponded to sodium pyrophosphate (Na 4 P 2 O 7 ), whereas that at around − 2 ppm was attributed to monetite (CaHPO 4 ). Table 3 shows that Na 4 P 2 O 7 and CaHPO 4 were the two P species mainly detected by the solid-state 31 P NMR, and these two P species significantly increased with increasing pyrolysis temperature (Figs. 3-4) . A considerable proportion of pyrophosphate was detected in biochar, thereby suggesting that the orthophosphate was polymerized during thermal treatment. Pyrophosphate is rendered available to the plant via hydrolysis reaction (McBeath et al., 2007) . The half-life of pyrophosphate (15 d to 21 d from the time of application) is determined by the solid-state 31 P NMR as mentioned previously (Torres-Dorante et al., 2005) . The polyphosphate in biochar may provide prolonged supply of P to plants. We hypothesized that some insoluble pyrophosphate (e.g., Ca and Mg) play an important role in P species in the biochar, which deserve further investigation.
Conclusions
A fully understanding of P species in biochar can lead to a better assessment of the amount of P that may be available for subsequent crops. In the present study, the Hedley chemical fractionation described a model of P transformation during pyrolysis process where water soluble or organic P was transformed into a labile (NaHCO3-Pi) or semi-labile pool (NaOH-Pi) and into a stable pool (Dil. HCl P and residual-P) during pyrolysis process. The solution and solid state 31 P NMR provide the detailed chemical nature of these P species. The solution 31 P NMR confirmed the rapid decomposition of organic P whereas solid state 31 P NMR identified the formation of more stable P species, such as crandallite (CaAl 3 (OH) 5 (PO 4 ) 2 ) and Wavellite (Al 3 (OH) 3 (PO 4 ) 2 ·5H 2 O), during the pyrolysis process. As a result, combination of three P analysis methods was important for characterizing P chemical nature because of their advantages or disadvantages. We need to further investigate the quantities and forms of condensed (e.g., pyrophosphate) P forms during chemical determination that may affect the interpretation of chemical results, as well as the degree to which incomplete extraction occurs.
